[1] We present simple models of the plasma disks surrounding Jupiter and Saturn based on published measurements of plasma properties. We calculate radial profiles of the distribution of plasma mass, pressure, thermal energy density, kinetic energy density, and energy density of the suprathermal ion populations. We estimate the mass outflow rate as well as the net sources and sinks of plasma. We also calculate the total energy budget of the system, estimating the total amount of energy that must be added to the systems at Jupiter and Saturn, though the causal processes are not understood. We find that the more extensive, massive disk of sulfur-and oxygen-dominated plasma requires a total input of 3-16 TW to account for the observed energy density at Jupiter. At Saturn, neutral atoms dominate over the plasma population in the inner magnetosphere, and local source/loss process dominate over radial transport out to 8 R S , but beyond 8-10 R S about 75-630 GW needs to be added to the system to heat the plasma.
Introduction
[2] Jupiter is the archetype of a rotation-driven magnetosphere dominated by an internal source of plasma. Saturn is similarly dominated by rotation and internal plasma sources but because of a weaker magnetic field the scale of the Saturnian magnetosphere is considerably smaller. These magnetospheres have been traversed by multiple spacecraft where they measured a variety of magnetospheric properties in situ and remotely. The two pairs of Pioneer and Voyager spacecraft flew past Jupiter, three of the four also flying past Saturn; Ulysses, Cassini and New Horizons flew past Jupiter on their way elsewhere; Galileo made 33 orbits of Jupiter and Cassini continues to orbit Saturn. Bagenal et al. [2004] and Dougherty et al. [2009] review the properties and current theoretical ideas of these magnetospheres.
[3] At Jupiter and Saturn the plasma is produced by the ionization of neutral gases that spew from the volcanic moons Io and Enceladus, respectively. Coupled to the rotating planets by strong magnetic fields, the magnetospheric plasma rotates with the planets' ∼10 h spin period. Radial transport by a diffusive flux tube interchange process carries this plasma outward, away from the planet on time scales of weeks. The strong rotational flows produce strong centrifugal forces on the plasma that is subsequently confined to a relatively thin disk.
[4] Of particular importance is the fact that the plasma in the plasma sheets at both Jupiter and Saturn has temperatures on the order of a few keV. A major issue at both magnetospheres has been why does the plasma not cool down as it moves outward and expands into the larger volume of the outer magnetosphere? The need to heat the plasma in the plasma sheet has been known since Pioneer [e.g., Goertz, 1976; Barbosa et al., 1979; Schardt and Goertz, 1983] . Some ideas have been proposed [Sentman et al., 1975; Carbary et al., 1976; Nishida, 1976; Goertz, 1978; Borovsky et al., 1981; Fujimoto and Nishida, 1990; Selesnick et al., 2001; Saur, 2004] but not fully developed.
[5] A current trend of magnetospheric physics is to develop global numerical models, to explore how these giant planet magnetospheres respond to changes in the solar wind Hansen et al., 2005; Fukazawa et al., 2005 Fukazawa et al., , 2006 Fukazawa et al., , 2010 Winglee et al., 2009; Zieger et al., 2010] . But to date none of these models include the necessary heating to obtain realistic thermal pressures in the plasma, pressures that dominate over the local magnetic field pressure (by up to a factor of 100 for the outer half of Jupiter's magnetosphere). Without realistic values of the plasma pressure no model can capture the basic plasma dynamics. Rather than attempt the tough job of deriving a physical mechanism for heating the plasma, in this paper we try to quantify the amount of heating necessary to produce the observed properties. This will provide the information for modelers to add the necessary heating, albeit perhaps ad hoc, that will allow them to better address issues of the dynamics of these magnetospheres.
[6] Previous attempts to catalog the mass and energy budgets through the magnetosphere of Jupiter were made by Krimigis et al. [1981] and Hill et al. [1983] . We provide an update on these studies, including data at Jupiter from the Galileo orbiter and Cassini flyby as well as compare with recent observations from Cassini in orbit around Saturn.
[7] In section 2 we present a simple model of an axisymmetric plasma sheet based on in situ observations of the plasma density and temperature and derive basic descriptions of how the latitudinal distribution and total plasma pressure vary with distance from the planet. In section 3 we use this axisymmetric model to quantify the distribution of mass, total mass of the plasma sheet, and discuss current models of the plasma sources. In section 4 we quantify the distribution of energy in the plasma sheet and estimate the sources and losses. Finally, in section 5 we summarize our findings.
Simple Model of Plasma Sheet
[8] We first derive simple descriptions of the approximate conditions (density, temperature, latitude distribution, and thermal pressure) in the Jovian and Saturnian plasma disks. We know that there are significant variations with local time and longitude (see review chapters of Dessler [1983] , Bagenal et al. [2004] , and Dougherty et al. [2009] ). For the initial purposes of deriving the net flow of mass and energy through the system we take a simple, azimuthally symmetric description. Given the orders of magnitude variations in plasma properties with radial distance, we regard the factors of few variations with longitude and local time to be secondary. In the future, important clues about the dynamics of the system will come from examination of deviations from this symmetric model.
Plasma Density
[9] In Figure 1 we have combined various measurements of density in Jupiter's plasma sheet from the Voyager (1979) and Galileo (1996 Galileo ( -2003 missions. The Voyager 1 Plasma Science (PLS) instrument measurements were obtained on the approach to Jupiter in the late morning sector [McNutt et al., 1981; Bagenal and Sullivan, 1981] . The Voyager PLS charge densities shown here are derived from a summation of currents measured across the 10-6000 eV energy range.
The derived charge density does not depend on assumptions of composition and agrees well with the sum of densities for separate ion species derived by fitting resolved spectral peaks (see appendices A and B of McNutt et al. [1981] as well as simultaneous electron measurements [Scudder et al., 1981] . The semiregular factor of ∼5 variation in density is due to the flapping of the plasma sheet over the spacecraft. Electron density has also been derived from measurements by the Voyager Plasma Wave (PWS) instrument, recently cataloged by Barnhart et al. [2009] These PWS local measurements of charge density have been averaged over radial distances to give 9 points in the outer magnetodisk (>20 R J ) and agree well with the PLS measurements of total charge density.
[10] The Galileo spacecraft orbited Jupiter for 7 years and made extensive measurements of plasma properties in the plasma sheet. We have taken estimates of plasma density derived via statistical moments of measurements from the Galileo Plasma Science (PLS) instrument and archived in the Planetary Data System (W. Paterson, private communication, 2009 ). We plotted all Galileo data within ±30°of noon and ±30°of midnight. The densities derived from Galileo data beyond about 20 R J are generally lower than Voyager 1 values. This may be because of the assumption that the mass/charge is 16 in the Galileo analysis. If there are significant numbers of protons in the outer magnetosphere, fitting the Galileo data with both protons and heavy ions may yield higher densities. We point out that the dependence of total charge density on composition is not a strong effect (depending as (charge/mass) 1/2 ), and we estimate the net uncertainty to be less than a factor or 2.
[11] We derive a profile (gray line in Figure 1 ) of equatorial plasma density (n 0 , in cm −3 ) versus radial distance (R, in R J ) that is an approximate average (by eye) of the functional form
where the coefficients are given in Table 1 . Figure 1 also shows a power law fit to Galileo PLS data (light blue line) Figure 1 . Density measurements derived from Voyager 1 PLS (black line), Voyager 1 PWS (blue triangles), and Galileo PLS (all orbits) obtained ±30°around noon (green diamonds) and ±30°around midnight (red circles). The profile from Frank et al. [2002] (pale blue curve, equation (2)) is based on Galileo PLS data from the G8 orbit data obtained on the nightside. The model profile used in this study (thick gray curve, equation (1)) is a composite of three power law profiles (blue, purple, and yellow lines). Frank et al. [2002] with the functional form
where the coefficients are given in Table 1 . Our model profile somewhat underestimates the peak densities in the outer plasma sheet, but we show in section 3.1 that this does not significantly affect our estimates of mass and energy flows in the system.
[12] In Figure 2 we compare the plasma sheet density profile for Jupiter described in Figure 1 with a profile of plasma density derived from Cassini CAPS ion data at Saturn. The profiles represent the peak density, n 0 , in the center of the plasma sheet. The Saturn values outside ∼5 R S are from Thomsen et al. [2010] , who took statistical moments for data obtained October 2004 through March 2009. The profiles in Figure 2 (bottom) are derived from measurements taken at low latitudes and when the corotational flow was in the CAPS field of view [Thomsen et al., 2010, Figure 3c] . To push the profiles inward of 5 R S we took density values from an earlier analysis of CAPS data by Sittler et al. [2008] . Similar plasma densities were found by the Voyager PLS instruments when they flew through the system in 1980 and 1981 [Richardson, 1986; Richardson and Sittler, 1990] as well as derived from Cassini CAPS ELS by Schippers et al. [2008] , from Cassini RPWS measurements by Persoon et al. [2009] and from the Cassini Langmuir probe by Morooka et al. [2009] . Allowing for uncertainties in the measurement plus spatial and temporal variability, we consider these values to have a confidence of about a factor of 2.
Temperature
[13] In Figure 3 we plot ion temperatures derived by the PLS instruments on Voyager 1 (black) and Galileo (green). We ignore electrons because they tend to be much colder than the ions at both Jupiter [Scudder et al., 1981] and Saturn [Sittler et al., 1983] , and we are primarily concerned with total thermal energy density in this paper. Ion temperatures tend to be less well determined than other plasma properties such as flow and density. This is partly because of the assumptions that must be made about ion composition but the derived temperatures also tend to depend on the energy range of the measuring instrument (10 eV to 6 keV for Voyager, 1 eV to 52 keV for Galileo). For example, if one looks at the plots of temperature derived from the Voyager PLS data [e.g., Belcher, 1983, Figure 3 .13] one sees low temperatures (∼10 eV) in places (usually where the density is higher) out to as far as 40 R J . Away from these relatively small regions of cold dense plasma the Voyager PLS instrument recorded a fairly constant temperature of the heavy ions of ∼100 eV. Note that S + and S ++ or O + ions moving at 200 km/s have kinetic energy of 6.6 keV and 3.3 keV so that if they have temperatures >100 eV, much of the flux is above the 6 keV limit of the Voyager PLS instrument. On the other hand, when one looks at the Galileo PLS observations one sees a wider range in temperatures, particularly in the outer plasma sheet. We only show the temperatures around noon in Figure 3 . The data around midnight showed even greater scatter. Further work is needed to ascertain whether this is a true variation between the Voyager Figure 1 . The densities at Saturn are derived from Cassini CAPS data (<5 R S ) by Sittler et al. [2008] and (>5 R S ) by Thomsen et al. [2010] . Figure 3 . Temperature of the thermal ions derived at Jupiter from the Galileo PLS data obtained ±30°around noon (green diamonds) and from Voyager 1 PLS data (black crosses, McNutt et al. [1981] ). The model profile used in this study (black curve) is derived beyond ∼10 R J from estimates of the vertical scale height of density in the plasma sheet (see equations (3) and (4)).
and Galileo epochs or primarily a consequence of the higher upper energy range of Galileo over Voyager. It is also possible that there are small blobs of cold (10-100 eV) plasma embedded in a warmer background.
[14] A major part of the issue in defining what one means by ion temperature is that the velocity distributions of the plasma ions are not pure Maxwellian distributions. There is substantial evidence of a significant tail to the distribution at suprathermal energies [e.g., see Krimigis and Roelof, 1983, Figure 4 .14]. When we come to consider the plasma pressure and thermal energy density we will need to include this suprathermal component.
[15] For simplicity, we use the power law derived for scale height (H, in R J , see equation (6)) and assume that a characteristic temperature T (in eV) is
where we assume the average ion mass, Ai, is 20 amu corresponding to a mixture of sulfur and oxygen ions. Uncertainties in the composition plus the measured scale height suggest uncertainties in the derived temperatures of about a factor of at least 2. Figure 3 shows an example of the scatter in the temperature data at Jupiter.
[16] Figure 4 shows radial profiles of temperature at Jupiter and Saturn. The model profile shown for Jupiter is derived as described in section 1. The Saturn profile comes from Thomsen et al. [2010, Figure 8 ] as well as from Sittler et al. [2008] for values inside ∼5 R S . Both sources quote temperature of the water group ions (W+) increasing as R to approximately the second power. In both Jovian and Saturnian cases the ion temperature increases with radial distance. This is completely contrary to the expectation that the plasma would cool as it plasma expands into a larger volume, clearly showing that the expansion is not adiabatic and that energy must be added to the system, as we discuss further in section 2.4.
Scale Height
[17] In a rotation-dominated magnetosphere the plasma is confined to the farthest location along the magnetic field from the rotation axis. For a plasma where T i ≫ T e (which holds outside 5.6 R J at Jupiter, and pretty much everywhere at Saturn), the average ion mass is Ai (in amu), and the magnetic field is dipolar, the functional form for the density distribution with height, H, away from the centrifugal equator is given by [Hill and Michel, 1976] 
where H 0 = 0.64 R J and 0.59 R S for Jupiter and Saturn, respectively. More sophisticated descriptions of the distribution are necessary when one is interested in how different ion species are distributed and if one includes temperature anisotropy [e.g., Bagenal and Sullivan, 1981; Bagenal, 1994; Persoon et al., 2009] . But for our simple plasma sheet model we will limit ourselves to a simple scale height for density.
[18] Strictly speaking, one should also take into account how the fact that the magnetic field is highly stretched from a dipole by Jupiter's strong ring current affects the vertical distribution of plasma, as modeled by Caudal [1986] and by Achilleos et al. [2010] . On the other hand, if one looks at the variations in density observed when the plasma sheet flaps past the spacecraft (Figure 1 ) then one can derive an effective scale height from measuring the height excursion for an e-folding drop in density. By looking at several plasma sheet crossings made by Voyager and by Galileo, we derive a simple scale height function for the Jovian plasma sheet
where h = log10(H ) and r = log10(R) and the coefficients are given in Table 1 .
[19] Figure 5 shows a comparison of effective profiles of scale height for Jupiter and for Saturn. The Jovian profile is derived as discussed in section 2.1 The Saturnian profile comes from Thomsen et al. [2010, Figure 7a ] for distances > 6 R S and from Persoon et al. [2009, Figure 13 ] inside 6 R S . Morooka et al. [2009] similarly derived from Cassini Langmuir probe data empirical functions for the vertical distribution of density that are similar to those of Thomsen et al. [2010] and Persoon et al. [2009] on the dayside but suggested that the sheet is thinner on the nightside, perhaps due to dayside solar wind compression. Figure 3 ) and (bottom) Saturn. The Saturn profile is derived from the Cassini CAPS data Sittler et al., 2008] .
Pressure
[20] For the thermal plasma that dominates the density in the plasma sheet, with temperatures of 10 eV to 1 keV, we calculate the local thermal pressure as P = nkT. Radial profiles of local plasma pressure are calculated from equatorial density, n 0 (Figure 2), and temperature ( Figure 4 ) and shown in Figure 6 for Jupiter and Saturn. Pressure can also be derived from measurements of fluxes of particles at higher energies. At Jupiter it is these 20 keV to 50 MeV particles, particularly sulfur ions, that dominate (by about a factor of 10) the pressure in the Jovian plasma sheet [e.g., Mauk et al., 2004] . The measured intensities of these more energetic particles rapidly drops inside about 10 R J . Modeling the fluxes of energetic neutral atoms coming from the Jovian system [Mauk et al., 2003] suggests that the energetic ions are lost due to charge exchange with the extended neutral cloud that extends from Io out beyond the orbit of Europa.
[21] At Saturn, Sergis et al. [2009 Sergis et al. [ , 2010 calculate the pressure of energetic (>3 keV) ions from Cassini MIMI data. The average radial pressure profile of Sergis et al. [2010, Figure 11 ] is shown in Figure 6 . The energetic particle pressure is greatly reduced at Saturn but they contribute more pressure than the thermal plasma beyond ∼11 R S . We suggest this difference of Saturn from Jupiter is partly due to higher density of neutrals removing energetic particles via charge exchange as they move inward, as well as perhaps a weaker heating process in Saturn's smaller magnetosphere.
[22] At Jupiter the high plasma pressures in the plasma sheet dominate the local magnetic field pressure producing values of b = P/(B 2 /2m 0 ) greater than unity beyond ∼15 R J , increasing to greater than 100 at 45 R J [Mauk et al., 2004] . Early attempts to calculate the radial forces on the plasma found that centrifugal forces of the rotating thermal plasma could not balance the magnetic stresses [McNutt, 1984; Mauk and Krimigis, 1987] which Paranicas et al. [1991] later found could be balanced with pressure gradient forces associated with the 20-200 keV plasma population. Not only does the plasma pressure dominate the magnetic pressure, but the radial profile of plasma pressure is also considerably flatter than the 1/R 6 variation in magnetic pressure for a dipole field. It is the high plasma pressure in the plasma disk that doubles the scale of Jupiter's magnetosphere from the dipolar stand-off distance of ∼42 R J to 65-90 R J . The shallow gradient in plasma pressure accounts for the high compressibility of the magnetosphere with the subsolar magnetopause varying as solar wind ram pressure to the −1/∼4.5 power, rather than −1/6 power for a magnetic dipole [Slavin et al., 1985; Huddleston et al., 1998; Joy et al., 2002; Alexeev and Belenkaya, 2005] . Delamere and Bagenal [2010] argue that the high-beta plasma inside Jupiter's magnetosphere limits the solar wind interaction to a viscous boundary layer.
[23] At Saturn the plasma pressures are less than Jupiter but the plasma beta is still greater than unity beyond 8 R S [e.g., Sergis et al., 2010] and has values of 2-5 in the plasma sheet. Chou and Cheng [2010] recently built a model Figure 5 . Scale heights of plasma density at (top) Jupiter (equation (6)) and (bottom) Saturn. of the Saturnian plasma sheet based on Voyager PLS data and derived rather lower values (b < 1.2 for Voyager 1, < 2.5 for Voyager 2) but they are missing the contributions of energetic ions. The significant contributions of suprathermal ions to the plasma pressure have, however, been incorporated in most models of the structure and dynamics of Saturn's plasma sheet [Arridge et al., , 2008 Achilleos et al., 2010; Sergis et al., 2010; Kellett et al., 2010] The more modest values of beta at Saturn are consistent with the magnetopause stand-off distance varying as −1/5 power of solar wind pressure, as found by Kanani et al. [2010] .
Mass: Distribution, Sources, and Flux
[24] Armed with a simple model of plasma density in the plasma disk we can estimate the flow of mass through the system, compared in Table 2 for Jupiter and Saturn.
Total Mass
[25] We can now take our radial profiles of plasma density in the center of the sheet, n 0 , plus the scale height, H, and integrate vertically and azimuthally to obtain the radial distribution of mass (per meter of radial distance)
where Ai is the average ion mass and m p is the mass of the proton. Integrating the profile outward we can estimate the cumulative mass of the plasma disk. At Jupiter, the 1.5 Mt of net mass of plasma is found predominately in a narrow region (6-6.5 R J ) in the Io plasma torus while the 83 kt of plasma mass in the Saturn system is spread out from 4 to 9 R S (see Figure 7) . We estimate our confidence in these numbers to be about a factor of a few. Hence, our Saturn estimate is consistent with the 50 kt value of Chen et al. [2010] .
[26] Since we know the majority of the magnetospheric plasma came from the ionization of neutral clouds coming from Io and Enceladus, it is useful to estimate the total mass of the neutral clouds. At Jupiter the neutral clouds of sulfur and oxygen are hard to detect and rarely observed (see review by Thomas et al. [2004] ). The distribution of molecular SO 2 , SO or S 2 are even harder to detect. Models of the neutral cloud by Smyth and Marconi [2005] estimate the total mass of neutral oxygen and sulfur atoms from Io to comprise ∼52 kt with another ∼17 kt of water products from Europa to total ∼70 kt of neutrals in the Jovian system. The denser neutral cloud at Saturn is more easily observed via UV emissions: of O and H by Cassini UVIS Shemansky et al., 2009] and of OH by Hubble Space Telescope (HST) [Shemansky et al., 1993] . Estimates from observations and models suggest a total mass of ∼1 Mt of material (water molecules and dissociation products) in the neutral clouds Cassidy and Johnson, 2010] .
[27] The masses of neutrals and of plasma in Table 2 dramatically show the contrast in these two systems. Jupiter has a massive plasma disk with little remaining neutral, while at the Saturn system most of the material remains in a massive, spread out neutral cloud with only a modest fraction being ionized. At Jupiter, ions outweigh neutrals by 20:1, while at Saturn, neutrals outweigh ions by 12:1. Delamere et al. [2007] argue that this major (factor of ∼250) difference in the ion:neutral ratio between the two systems arises primarily because of the factor of 2 lower speed of plasma flowing past Enceladus compared with Io. The subsequent factor of 4 lower pickup energy means that there is insufficient energy to adequately ionize the neutral cloud at Saturn. Moreover, molecular dissociative recombination (e.g., H 2 O + + e − → OH + H) introduces a sink of plasma at Saturn that does not exist (except perhaps very close to Io) at Jupiter.
Satellite Sources and Losses
[28] Contrary to common misconceptions, only a small fraction of the plasma at both Jupiter and Saturn come Figure 7. Distribution of mass in the plasma sheets of (top) Jupiter and (bottom) Saturn. The plasma mass has been integrated over a uniform annulus of radius R, scale height H, and width of a meter. This mass/meter profile (pink curve) is then integrated radially outward to provide a total cumulative mass (pale blue curve).
directly from the atmospheres of their volcanic moons but, rather, arises from ionization of clouds of neutrals that extend a substantial fraction of the way around the planet (see reviews by Thomas et al. [2004] for Jupiter and Shemansky et al. [1993] , Jurac and Richardson [2005] , and Cassidy and Johnson [2010] for Saturn). For each planet we discuss current models of the neutral clouds and plasma tori.
[29] The best constraints on the plasma production in the Io plasma torus comes modeling the physical chemistry of a mixture of neutrals, ions and electrons and tying them to UV emissions observed remotely [Shemansky, 1988; Barbosa, 1994; Schreier et al., 1998; Lichtenberg and Thomas, 2001 ). More recently, Delamere and Bagenal [2003] used a homogeneous model of the torus physical chemistry to model the data from the Voyager 1 and Voyager 2 flybys in 4 months apart 1979, as well as the time of Cassini closest approach to Jupiter in January 2001. Krüger et al. [2003] subsequently reported a 3 order of magnitude increase in dust production from the Jovian system, peaking in AugustSeptember 2000, before Cassini arrived at Jupiter. This raised the question of whether the plasma torus experienced a similar thousandfold increase in source. Delamere et al. [2004] modeled the decrease in UV emissions from the torus observed through the end of 2000 by the Cassini UVIS to derive plasma conditions at the peak plasma production (September 2010) and found that the required increase in iogenic neutral gas was only around a factor of 3. It is intriguing whether such a high ratio for production of dust compared to plasma production is typical or is expected to vary with type (and/or epoch) of volcanic eruption.
[30] Table 3 shows the Io torus model parameters for the two Voyager and two Cassini epochs, and Figure 8 shows the corresponding flow of mass and energy through the torus. The conditions during Voyager 1 (March 1979) and at Cassini closest approach (January 2001) are fairly similar and may represent typical conditions. During the Voyager 2 (July 1979) and Cassini September 2000 periods the torus seems to have had a higher source strength as well as more rapid radial transport (net time scale of 14-23 days rather than the 50-64 days of Voyager 1 and Cassini January 2001). The net production of neutral material needed from Io to match these four cases ranges from 0.7 to 3 t/s. The quantity of plasma transported out of the torus is 0.26 t/s (Voyager 1) to 1.4 t/s (Cassini outburst), a range of a factor of 5. Note in Figure 8 that only 1/3 to 1/2 of the initial neutral source remains ionized and transported out to the plasma sheet. The other 2/3 (to 1/2) of the mass is lost via charge exchange within the corotating torus ions and escapes the system as fast neutrals. The shift in the oxygen/sulfur ratio from ∼4 for the Voyager epoch to a factor of 1.9 at the time of Cassini may be related to the composition of the volcanic gases at these times. But until we understand the details of how gases from the atmosphere of Io interact with the streaming plasma and are dispersed as extended neutral clouds such causal explanations are highly speculative.
[31] At Saturn, estimates of the total neutral production rate of water molecules (presumably ultimately coming from Enceladus' plumes) vary around the initial value of 300 kg/s, determined from the initial UV occultation of the plume by Hansen et al. [32] The fate of the neutrals is more complicated at Saturn than Jupiter. The high neutral-to-ion density ratio at Saturn is a result of lower ionization rates (caused as much by photoionization ionization at Saturn as electron impact ionization that dominates at Jupiter). Only a fraction of the neutral material is transported out into the plasma sheet. Some of the corotating ions charge exchange with neutrals to become escaping fast neutrals but other collisional processes such as photodissociation and electron-dissociation, neutral-neutral collisions and low-velocity charge exchange "puff" up the neutral cloud, spreading it beyond Enceladus' orbit (4 R S ) as well as sending a substantial flux of neutrals into the planet Saturn. To summarize the current models of neutral loss processes at Saturn, we have taken the Voyager/ HST-based neutral cloud model of Jurac and Richardson [2005] , and we compare their results in Table 4 with Cassini era neutral cloud models of Cassidy and Johnson [2010] and of Fleshman et al. [2010c] . Table 4 lists estimates from the three different models of the fraction of the neutrals that are lost to ionization, that are ejected from the Saturn system or sent into the planet or rings. The differences in these models are due to different ways that the various collisional processes are handled in the neutral cloud models. These models calculate the physical chemistry of the Enceladus torus for neutral production rates of 150 or 300 kg/s.
[33] At Saturn, it is not clear that the rate of ionization versus other neutral loss processes would be maintained at the modeled fractions if the neutral source increases to Smith et al.'s [2010] E5 values of ∼750 kg/s or Saur et al.'s [2008] E0 value of 1600 kg/s. One might expect that as neutral production increases neutral-neutral collisions would cause more of the material to escape as neutrals rather than be ionized. Electron impact ionization would be reduced due to collisional cooling of the electrons. In fact, Tokar et al.
[2009] do not report higher than average plasma densities around the time of E5. Nevertheless, if we assume that something between 17% [Fleshman et al., 2010c] and 38% [Jurac and Richardson, 2005] of the neutral source becomes ionized, then the 70-750 kg/s range in neutral source produces a net plasma source at Saturn ranging from 12 to as much as 250 kg/s (see Table 2 ). Pontius and Hill [2009] estimated 100 kg/s, and recently, Chen et al. [2010] used observed plasma density and radial flow speeds to suggest a value of plasma outflow of 280 kg/s. Liu et al. [2010] simulated Saturn's plasma disk with the Rice Convection Model and a derived mass flux of ∼35 kg/s. We hope that as models evolve and Cassini continues to take measurements the story of the Enceladus torus and its variability will solidify.
[34] Figure 9 compares the flow of mass and energy (discussed in section 4) through the Jovian and Saturnian systems. The model matching the conditions at the time of Voyager 1, often taken as "typical" of the torus, have been used for the Jupiter case (taken from Delamere and Bagenal [2003] ). For the Saturn case we use the range of mass flows from the three models summarized in Table 4 .
[35] Vasyliūnas [2008] uses simple scaling relationships to argue that when the plasma production at these planets is compared with the solar wind source or to a critical mass loading to argue that plasma production at Saturn is relatively more important than at Jupiter. His simple analysis ignores, however, the important effects of (1) plasma heating on dynamical behavior and (2) equatorial confinement of the plasma leading to decoupling of the plasma in the magnetosphere (rather than in the ionosphere).
Nonsatellite Sources
[36] While the Jovian and Saturnian systems are noted for their internal source of plasma from their volcanic moons, it must be pointed out that the flux of solar wind plasma intersected by these vast magnetospheres is substantial. Table 2 shows that even if only a fraction of a percent leaks into the magnetosphere the net source of solar wind plasma would be comparable to the satellite sources. The [Hamilton et al., 1981; Bame et al., 1992; Cohen et al., 2001] .
[37] Beyond the source regions (4-6 R S for Saturn, 5.8-6.5 R J for Jupiter) the density profiles drop steeply as the plasma spreads out into the region surrounding the planet. The enhanced abundance of light ions at the outer edges of the plasma disk (17-20 R S ) led Thomsen et al. [2010] to suggest ionization of hydrogen from Titan's upper atmosphere. We believe that the lifetimes for ionization are too long to make this probable and suggest penetration of solar wind plasma into Saturn's dayside, consistent with recent studies of leakage across the magnetopause due to KelvinHelmoltz vortices, particularly on the dawn flank [Masters et al., 2009 ; P. A. Delamere et al., The Kelvin-Helmholtz instability in Saturn's outer magnetosphere, unpublished manuscript, 2011]. At Jupiter, the plasma density profile starts steep but flattens out considerably beyond 20-30 R J , just a third of the distance out to the dayside magnetopause (average subsolar distance of 66-92 R J according to Joy et al. [2002] ). The shallower gradient in the outer plasma sheet may indicate a source of material from the solar wind [Delamere and Bagenal, 2010] .
[38] The ion composition of the boundary layers inside of the magnetopause is also consistent with mass transport at the magnetopause. At Jupiter Bame et al. [1992] reports on ion composition in the boundary layer during the expansion of the magnetopause past the Ulysses spacecraft. The magnetopause was not a sharp spatial boundary, rather magnetosheath and magnetospheric populations were observed to coexist within the boundary layer internal to the magnetopause. A boundary layer was clearly present for all but one of the Jovian magnetopause crossings. Similarly, Galvin et al. [1993] and Phillips et al. [1993] reported a mixed boundary layer composition, and Galvin et al. [1993] suggested that transport across the magnetopause boundary can work both ways. A significant finding by Hamilton et al. [1981] from the Voyager 2 LECP data is that the plasma sheet composition beyond 60-80 R J in the tail is similar to that of solar wind energetic ions while the inner magnetosphere is dominated by iogenic material. Krupp et al. [2004a] discussed evidence of a boundary layer seen in the Cassini MIMI/LEMMS energetic electron data when Cassini skimmed Jupiter's dusk magnetopause during the gravity assist flyby. They suggest that the leakage of energetic magnetospheric electrons to the magnetosheath is consistent with open field lines planetward of the magnetopause. Most recently, the particles measured by New Horizons as it traversed down the flanks of the magnetotail were increasingly dominated by light ions at farther distances down tail Hill et al., 2009; Ebert et al., 2010] .
[39] While we support the view that large-scale, persistent reconnection (as in a Dungey-style solar wind driven convection system) is unlikely at Jupiter [McComas and Bagenal, 2007] , there is gathering support of small-scale, intermittent reconnection (e.g., as in shear-driven KelvinHelmholtz instabilities) occurring at both Jupiter [Delamere and Bagenal, 2010] and Saturn [Goertz, 1983; Masters et al., 2009; Delamere et al., unpublished manuscript, 2011] .
[40] Hill et al. [1983] estimated the solar wind source by taking the fraction of solar wind leaking into the magnetosphere of ∼10 −3 and obtained a tiny source strength of 20 kg/s for a radius of cross section of 100 R J . We took a more realistic cross section of the terminator of 120 R J , a local solar wind density of 1 cm −3 and speed of 400 km/s and estimated a solar wind flux of ∼150 t/s which makes a source of 150 kg/s for the Hill et al. [1983] 0.1% leakage rate. For Saturn, allowing for the 1/R 2 decrease in solar wind density and the smaller cross section (taken as 38 R S ) and using the same 0.1% leakage rate, we found a potential solar wind source of 10 −3 × 3 t/s = 3 kg/s. This is comparable to estimates derived by Delamere et al. (unpublished manuscript, 2011 ) from a hybrid simulation of diffusive transport across the magnetosphere driven by Kelvin-Helmholtz instability. Even with such low mass source rates, the enhanced density of protons will significantly alter the ion composition of the outer boundary layers.
[41] Finally, it must be noted that the giant planets themselves may be sources of plasma. At Jupiter the most convincing evidence comes from Hamilton et al. [1981] , who report fluxes in the Jovian magnetosphere of He + and H 3 + ions which most likely come from Jupiter's ionosphere. The outflow of ionospheric plasma was proposed by Nagy et al.
[1986] and estimated to be 2 × 10 28 ions/s which is comparable in number density to the iogenic source but, assuming the composition is mostly protons, the mass would be only 35 kg/s.
[42] At Saturn, the presence of water dissociation products with similar masses as ionospheric ions makes the distinction of the different sources even harder. Krimigis et al. [2005] report an abundance of He + ions that is far great than He ++ particles in Saturn's plasma sheet, consistent with an ionospheric source. Glocer et al. [2009] modeled potential ionospheric outflow at Saturn and estimated the source to be only a few kg/s. We hope that the polar passes by Cassini at Saturn and the Juno mission to Jupiter will determine the amount of outflowing ionospheric material from these gas giant planets.
Radial Transport
[43] The plasma in the outer planet magnetospheres is believed to be transported radially outward via centrifugally driven flux tube interchange [e.g., Hill et al., 1981] . At Jupiter, while many have looked, direct evidence of the instability has been very rare Bolton et al., 1997; Kivelson et al., 1997; Frank and Paterson, 2000] , but at Saturn the weaker field has allowed observation of many flux interchanges Burch et al., 2005; Hill et al., 2005; Mauk et al., 2005; Chen and Hill, 2008] . In the Io plasma torus, for each species there are radially distributed sources (e.g., the extended neutral cloud) and losses (e.g., charge exchange) so that one needs to solve a self-consistent system suffering both physical chemistry and diffusive transport. But beyond ∼6.5 R J sources and losses due to the collisional processes become insignificant. Saturn's neutral clouds are more spread out but collision rates drop rapidly with distance so that beyond ∼6 R S there are probably very limited additional sources and losses. Thus, beyond these source regions, one can calculate the radial transport rate from conservation of mass and the radial density profile:
where V r is the radial outflow speed, Mdot is the net plasma source, and M(R) (in kilograms per meter) is the mass density integrated azimuthally and vertically, as shown in Figure 7 .
[44] The net rate of radial transport can then be calculated as V r (R) = Mdot/M(R) as illustrated in Figure 10 for two values that span the range of Mdot for both Jupiter and Saturn. At Saturn the radial transport rate remains small (<10 km/s) but becomes significant (>40 km/s) beyond ∼15 R S for the highest plasma production rates. These values are fairly consistent with observations of Wilson et al. [2008] and simulations of Liu et al. [2010] . For Jupiter, when the plasma production is high, the radial transport rates can become a significant fraction of the local azimuthal flow speed (∼200 km/s) beyond 40-50 R J , and the plasma rapidly spirals out of the system [Delamere and Bagenal, 2010] . It should be noted that we are taking a single density profile across the factor of ∼5 range in mass transport rate. Realistically, the density profile is likely to be modified with persistent enhancements or decreases in source rate at Io or Enceladus. [45] This radial transport speed can be integrated to give typical transport time scales. The slower/faster transport rate results in longer/shorter time scales. Interestingly, a similar range of time scales (1-9 weeks) is found at both planets. Plasma diffusing outward spends most of the time in the plasma source regions (<7 R J , < 9 R S ) where the transport rate is relatively slow.
Tailward Transport
[46] The plasma rotates around the planet and is slowly transported outward. At some point either the coupling to the planet breaks down completely (Kivelson and Southwood [2005] suggest via ballooning mode instability) or the field becomes so radially extended that an X point develops and a blob of plasma detaches and escapes down the magnetotail, as proposed by Vasyliūnas [1983] . Pursuing evidence for Vasyliūnas' argument that plasmoids are ejected down the tail, Grodent et al. [2004] found evidence of spots of auroral emission poleward of the main aurora connected to the nightside magnetosphere that flash with an approximately 10 min duration. Such events were rare, recurring only about once per 1-2 days. These flashes seemed to occur in the premidnight sector, and Grodent et al. [2004] estimated that they are coupled to a region of the magnetotail that was about 5-50 R J across and located greater than 100 R J down the tail. Studies of in situ measurements [Russell et al., 2000; Woch et al., 2002; Ge et al., 2010; Vogt et al., 2010] lead to conclusions that plasmoids on the order of ∼25 R J in scale are ejected every 4 h to 3 days, with a predominance for the postmidnight sector and distances of 70-120 R J . Could such plasmoids account for most of the plasma loss down the magnetotail? Bagenal [2007] presented the following estimate: if one approximates a plasmoid to be a disk of 10 R J thick plasma sheet that has a diameter of 25 R J and a density of 0.01 cm
, then each plasmoid has a mass of about 2500 t; Ejecting one such plasmoid per day is equivalent to losing 0.03 t/s or 30 kg/s; Thus, even with generous numbers, the loss of plasma from the magnetosphere due to such plasmoid ejections cannot match (by a factor of ∼20) the canonical plasma production rate of 500 kg/s; On the other hand, a steady flow of plasma of density 0.01 cm −3 in a conduit that is 2 R J thick by 300 R J wide moving at a speed of 200 km/s would provide a loss of 0.5 t/s. Such numbers suggest such a quasi-steady loss rate is feasible. The question of the mechanism remains unanswered. Three options are a diffusive "drizzle" across weak, highly stretched magnetotail fields, particularly on the dusk flank (as suggested by Kivelson and Southwood [2005] ); a quasi-steady ejection of small plasmoids (below the scale detectable via auroral emissions); or a planetary wind along opened field lines (though this begs the questions of processes and time scales for opening, closing and refilling).
[47] At Saturn, to date only three plasmoid events have been reported from in situ data [Jackman et al., 2007] . McAndrews et al. [2009] reported tailward flows on the postmidnight sector beyond 50 R S . Further suggestion of possible plasmoid ejection has been inferred from bursts of ENAs that are correlated with Saturn Kilometric Radio emissions [Mitchell et al., 2005; Hill et al., 2008] . But it is not clear whether such plasmoids could remove the necessary 8-250 kg/s. Plasmoids of volume (10 R S ) 3 with density of 0.01 cm −3 of 18 amu ions would need to be ejected at a rate of 200/d to remove 100 kg/s. Thus, we have a similar issue at Saturn whereby much of the material has to be lost either through small-scale processes and/or out of the flanks of the magnetotail.
Energy: Distribution, Sources, and Flux
[48] With a simple model of the distribution of plasma mass, temperature and flows we can estimate the distribution, sources and flux of energy, summarized in Table 5 . First, we discuss the energy budget of the main plasma source regions, the plasma tori of Io and Enceladus. Then we follow the plasma out into the magnetodisk and estimate the energy that must be added to the system to produce the observed plasma energies.
Torus Energy Budgets
[49] Figures 8 (bottom) and 9 (bottom) show the flow of energy through the Io and Enceladus plasma tori derived from equilibrium physical chemistry models. The main source of energy (∼0.6-2.2 TW for Jupiter, ∼30 GW for Saturn) comes from the gyromotion picked up by a newly ionized ion. While charge exchange does not contribute to the net plasma density, at both giant planets it is a larger source of energy than ionization. At Saturn most of this energy is then carried away by fast neutrals on subsequent charge exchange reactions. At both Jupiter and Saturn, little of the energy (∼10%) is transported out into the plasma sheet, except when the source is particularly high, such as at the time of the Cassini outburst in fall 2000 (Figure 8 ) when nearly a quarter of the torus energy was transported into the plasma sheet. With the high plasma densities in the Io plasma torus the ions couple their pickup energy to electrons via Coulomb collisions, cooling the ions below the local pickup energies (270 and 540 eV for O + and S + , respectively). But the electrons also excite the ions and this energy is quickly lost through the powerful UV emissions. At Saturn, the lower plasma density means that the ion-electron coupling is weak and radiative cooling is insignificant for the Enceladus torus.
[50] Early models of the Io plasma torus showed that there was insufficient power provided from ion pickup alone to fuel the UV emissions [Shemansky, 1987] . A solution to this energy crisis was to add energy via a small population of hot electrons at energies of 40-100 eV [Barbosa, 1994; Delamere and Bagenal, 2003] . Under most torus conditions (at least, three of the 4 cases considered in Figure 8 ) hot electrons are needed to supply ∼10-20% of the power. But to match the conditions in the later part of the Cassini flyby (spring 2001), over 60% of the power to the Io torus was supplied by the hot electrons, which then excited the ions and generated 1.5 TW of UV emission. Thus, in addition to local pick up energy, models of the Io torus need to add 0.2 to 0.9 TW via a source of hot electrons. While a relatively small fraction of the total electron population, the actual source of this population of hot electrons has yet to be determined but may be related to small-scale field-aligned currents concomitant with flux tube interchange. Moreover, Steffl et al. [2008] showed that variations in the hot electron population could explain the observed System III and IV modulations of torus emissions.
[51] At Saturn, the hot electrons provide an insubstantial fraction (∼2%) of the power to the system but they are key for ionizing the neutral cloud [Delamere et al., 2007; Fleshman et al., 2010a Fleshman et al., , 2010b . Modulation of this tiny population of hot electrons can strongly modulate the plasma density. Delamere and Bagenal [2008] argue that a longitudinal variation in hot electrons could be responsible for the longitudinal variations in the torus density around 4 R S [Gurnett et al., 2007] .
Kinetic Energy
[52] The dominant flow in the magnetospheres of Jupiter and Saturn is rotational. Strict corotation at Jupiter is 12.6 R km/s and 9.8 R km/s at Saturn (where R is in planetary radii). Voyager data at Jupiter show a deviation from corotation, tending toward an azimuthal flow of about 200 km/s [Belcher, 1983, Figure 3.23] . Asymmetries in fluxes of energetic particles have been used to derive flows and show local time variations in these flows (see review by Krupp et al. [2004b] ). We approximate the azimuthal flow in the Jovian plasma sheet with a simple function V phi = V co (1.12 − R/50) up to ∼200 km/s at ∼28 R J and a constant value of 200 km/s here on out (Table 1) . At Saturn we approximate the azimuthal flow speeds derived by Thomsen et al. [2010, Figure 15 ] as V phi = 0.6 V co .
[53] Combining the radial profiles of mass density, M(R), and azimuthal flow (V phi ) we calculate the radial profile of kinetic energy (KE) (per meter of radial distance) of the plasma in the plasma disk
which is shown for both Jupiter and Saturn in Figure 11 .
[54] The kinetic energy of the thermal plasma drops with radial distance is a result of increasing subcorotation (in the case of Jupiter) and the drop in mass density with distance. Integrating equation (9) over the radial extent of the disk we get the net kinetic energy of ∼7.5 × 10 18 J at Jupiter, 8 × 10 16 J at Saturn. Dividing this net kinetic energy of the disk by typical times scales for slow transport (60 days at Jupiter, 40 days at Saturn) and fast transport (11 days at Jupiter, perhaps as short as 5 days at Saturn), we obtain the power needed to keep the plasma disk rotating of 1.4-7.8 TW at Jupiter and 25-200 GW at Saturn. This energy comes ultimately from the planet's spin, coupled via field-aligned currents.
Thermal Energy
[55] Multiplying the local thermal energy density and volume of an annulus we obtain a radial profile of thermal energy (TE) of the plasma
As shown in Figure 11 , at Saturn, the thermal energy of the plasma tracks the kinetic energy out to about 7 R S , consistent with the plasma being picked up at the local pickup energy with little outward transport of plasma and with local recombination and charge exchange losses balancing local sources. At Jupiter, the thermal energy remains well below the local pickup energy because much of the energy that is picked up on ionization and charge exchange is radiated away in the torus.
[56] We integrate this radial profile of thermal energy of the plasma to get the total thermal energy of the disk of 1 × 10 18 J at Jupiter and 1 × 10 17 J at Saturn. Again, we can use the radial transport time scales to obtain estimates of the power needed to heat the plasma this amount of Figure 11 . Radial profiles of energy density for (top) Jupiter and (bottom) Saturn. 0.3-1.4 TW at Jupiter and 30-230 GW at Saturn. This somewhat overestimates the actual energy needed to heat the plasma because it assumes the plasma retains none of its original energy as the plasma moves out, rather than cooling adiabatically on expansion. But since the expansion is dramatic and the observed thermal energy is large, the difference is insignificant.
[57] We can similarly estimate the energy density of the energetic particles as Figure 11 shows that beyond ∼9 R J at Jupiter and ∼9 R S at Saturn the energetic particles dominate the energy density of the disk by about a factor of 10-20 at Jupiter and a factor 5-10 at Saturn. We integrate equation (11) over radial distance to values of 1.4 × 10 19 J (Jupiter) and 1.6 × 10 17 J (Saturn). The fact that we are ignoring that the hot population is probably less confined to the plasma sheet than the thermal population (i.e., H hot is effectively larger than H thermal ) means that we are probably underestimating the thermal energy of this hot population. Nevertheless, we find total thermal energies of the suprathermal ions to be factors of ∼2 that of the thermal populations at both Jupiter and Saturn.
[58] We use the radial transport time scales to obtain estimates of the power needed to heat the suprathermal ions to be 2.7-15 TW for Jupiter and 45-400 GW for Saturn.
[59] In summary, adding the power needed to heat both thermal and suprathermal populations in the plasma sheet one finds a net requirement of 3-16 TW at Jupiter and ∼75-630 GW at Saturn. At Jupiter a further 0.2-1 TW must be supplied via hot electrons to the Io plasma torus.
Plasma Heating
[60] If plasma moves adiabatically within the magnetosphere then one would expect the quantity PV g to be conserved, where P is pressure, V is volume and g is the ratio of specific heats, taken to be a value of 5/3 for a monotonic gas. For a dipole magnetic field and sheet geometry the volume of a magnetic flux shell varies as L 3 H, where L is the dipole McIlwain parameter (e.g., derived in the appendix of Richardson and Siscoe [1983] ). At Saturn the field is not so far from a dipole, making this approximation reasonable. At Jupiter, however, to obtain a more realistic, extended field geometry we use the radial variation in magnetic flux at the equator derived from Galileo data by Vogt et al. [2011] , where the flux varies as R −3.85 rather than R −3 of a dipole. For dipole geometry
and for the stretched plasma sheet we have
where n = 3.85. Plotted in Figure 12 is PV g for both the thermal and hot particle populations, showing that this quantity is far from conserved at Jupiter, confirming that the plasma must be strongly heated. At Saturn, outside the source region (>8 R S ) the value of PV g remains fairly constant, suggesting adiabatic expansion, with heating of the thermal population not kicking in until ∼15 R S . The steep slopes for PV g of the energetic particle populations in Figure 12 illustrates their strong heating. Mauk et al. [1998] show significant depletion in energetic particle pressures from Voyager to Galileo and that the profiles of PV g of the energetic population became less steep, which they suggest may be due to greater charge exchange with a more extended neutral cloud.
[61] If one assumes that most of the mass from Jupiter's plasma sheet is lost via the ejection of material down the magnetotail then a simple calculation of 500 kg/s moving at ∼200 km/s carries about ∼1 TW of kinetic energy. As discussed in section 3.5, most of this energy must be carried in a background flow rather than in the episodic plasmoids producing detectable aurora.
[62] Table 5 compares the various kinds of energy and the power in and out of the two systems. Adding up the power that must be added to the plasma to (1) power the UV emissions; (2) heat the thermal plasma as it moves out from Figure 12 . Radial profiles of quantities conserved for adiabatic motions for (top) Jupiter (normalized to value at 6 R J ) and (bottom) Saturn (normalized to value at 4 R S ). For the nondipole, extended field at Jupiter n = 3.85 [Vogt et al., 2011] . the inner magnetosphere; (3) keep the disk rotating (albeit below full corotation); and (4) accelerate a substantial population of energetic particles, one obtains that the net power that must be added to be ∼8-30 TW at Jupiter and ∼0.1-0.9 TW at Saturn. These estimates are probably only one significant figure at best and the range gives an indication of the possible variability. Note that the total energy stored in the Jovian system is roughly 2 orders of magnitude greater than the Saturn system, primarily due to the much stronger Jovian magnetic field. On the other hand, the factor of 10 variability in the escape of volcanic material from Enceladus (compared with a factor of ∼5 from Io) may produce occasions when Saturn's strongest volcanic outbursts match Jupiter's weakest epochs (Tables 2 and 5) .
[63] While MHD models might be made to adequately account for processes 1 and 3, additional (perhaps ad hoc) processes will need to be added to account for 2 and 4. Some might argue that perhaps the process that heats the tens of keV particles (that remains unknown 30 years after the Pioneer era realization that such heating must occur) may occur on a different time scale than radial transport for the bulk of the plasma or that the energetic particles have a source in the outer magnetosphere and will gain energy as they move inward into stronger magnetic fields. Nevertheless, our estimates are probably within an order of magnitude of the power that needs to be added to the system to accelerate particles to observed energy densities.
[64] All of the above discussion assumes that the ultimate source of energy is the rotation of the planet, coupled to the magnetospheric plasma by the magnetic field. Another substantial source of energy is the kinetic energy of the solar wind. Pu and Kivelson [1983] estimate that about 1% of the solar wind kinetic energy is transferred to the magnetosphere. As we show in Table 5 , just 1% of kinetic energy delivered to the magnetopause by the solar wind would swamp all of the above internal mechanisms. The issue is how to couple the energy from the solar wind, or even a boundary layer, to the internal plasma. Presumably, any KHI-mediated viscous interaction could transfer some of the solar wind kinetic energy to heating the outer layers of the magnetosphere (perhaps significantly at Saturn), but at Jupiter the iogenic heavy ions need to be heated deep inside the magnetosphere where solar wind influence is likely to be minimal.
Summary
[65] 1. The satellites Io and Enceladus fuel the giant magnetospheres of Jupiter and Saturn with neutral material at rates of hundreds to a few thousands of kilograms per second. The production at Io seems to be steadier (perhaps regulated by the magnetosphere-ionosphere interaction) and at the higher end of the range. The production by Enceladus tends to be rather less but more variable, perhaps related to the direct injection into the magnetosphere by the plumes. Furthermore, collisional processes in Saturn's dense neutral cloud spread the dissociated water products into a region that spans the inner half of the magnetosphere. Approximately one third to half of the iogenic neutrals becomes a net source of plasma, the remainder being lost from the system as fast neutrals. At Saturn the situation is more complicated with losses to ionization, to Saturn and its rings, and to escape. Currently, the relative importance of each process varies from model to model but the fact that an order of magnitude variation in plasma density has not yet been observed suggests that the rate of ionization does not keep up with the rate of production at Enceladus. Nevertheless, it is clear that a considerably smaller fraction of Saturn's neutral cloud becomes ionized and Saturn's plasma disk is dwarfed (in both scale and mass) by that of Jupiter.
[66] 2. Assuming the observed radial profiles of density are typical, we estimate the rate of radial transport of ionized material out of both systems to occur on time scales of ∼1 to 9 weeks, with 20-60 days being more typical and the shorter time scale only perhaps occurring during periods of strong volcanic outbursts by Io or Enceladus.
[67] 3. The sources of energy at each planet comprise approximately similar contributions of rotational kinetic energy (of the heavy thermal plasma accelerated into rotation via coupling to the spinning planet), heating of the thermal plasma population, as well as acceleration of the substantial populations of energetic particles. Models aiming to capture the dynamics of these giant magnetospheres need to add a total heating power of 3-16 TW for Jupiter and 75-630 GW for Saturn to the plasmas in their magnetodisks.
[68] 4. While we have tried to quantify the total mass and energy flowing through the Jovian and Saturnian systems, four outstanding questions remain: (1) What physical processes provide the total power that is necessary to heat the plasma to observed energy densities? (2) Through what process is the plasma lost down the magnetotail? (3) What is the net source of mass, momentum and energy transferred from the solar wind to the magnetosphere? (4) What roles do local time and longitudinal asymmetries play in these processes?
